The giant protein titin serves a primary role as a scaffold for sarcomere assembly; however, proteins that mediate this remodeling have not been identified. One potential mediator of this process is the protease calpain 3 (C3), the protein mutated in limb girdle muscular dystrophy type 2A. To test the hypothesis that C3 mediates remodeling during myofibrillogenesis, C3 knockout (C3KO) mice were generated. The C3KO mice were atrophic containing small foci of muscular necrosis. Myogenic cells fused normally in vitro, but lacked well-organized sarcomeres, as visualized by electron microscopy (EM). Titin distribution was normal in longitudinal sections from the C3KO mice; however, EM of muscle fibers showed misaligned A-bands. In vitro studies revealed that C3 can bind and cleave titin and that some mutations that are pathogenic in human muscular dystrophy result in reduced affinity of C3 for titin. These studies suggest a role for C3 in myofibrillogenesis and sarcomere remodeling.
INTRODUCTION
The calpain family of proteases is composed of both ubiquitous and tissue-specific isoforms that share homology in their protease domain (1) . Muscles express at least three isoforms called calpains 1, 2 and 3. Calpains 1 and 2 (also known as m-and m-calpains) are ubiquitous isoforms, whereas calpain 3 (C3 or p94) is predominantly expressed in muscles, although alternatively spliced isoforms have also been identified in other cell types (2 -4) . Although calpains have diverse substrates and physiological roles, they share several common characteristics including activation by calcium, use of cysteine as the active site residue and limited proteolytic cleavage of substrate (1) . This last feature has prompted speculation that calpains function as regulators of other cellular proteins rather than as housekeeping proteases. For example, several studies have implicated calpains in cytoskeletal remodeling in platelet aggregation (5) , neurite outgrowth (6) and myoblast fusion (7) .
Calpains have also been shown to contribute to the pathophysiology of diseases such as Alzheimer's disease (8) , multiple sclerosis (9) and muscular dystrophy (10) . In the disease Duchenne muscular dystrophy, cell membrane fragility leads to elevated intracellular calcium and hyperactivation of calpain 1 (m-calpain) (11) . In this setting, dysregulation of calpain activity and promiscuous cleavage of substrate ensue, resulting in promotion of muscle cell death. Although increased calpain 1 activity is a feature of Duchenne dystrophy, decreased C3 activity causes another form of muscular dystrophy called limb girdle muscular dystrophy 2A (LGMD2A) (12) . Patients with LGMD2A are characterized by muscle wasting and cell death, characteristics seen in most other muscular dystrophies. The mechanism by which mutations in a proteolytic enzyme might lead to muscle cell death has been elusive so far.
Recent findings have shown that C3 is much more stable in vivo than in vitro, suggesting that C3 must be stabilized through interaction with its ligand(s) (13) . Titin is one such protein that might serve a stabilizing role for C3. Titin is a large, muscle-specific protein that is important both in muscle development and passive tension generation in adult muscle, and as a scaffold for the sarcomere (14) . Evidence for a relationship between C3 and titin comes from yeast two-hybrid assays in which the binding was mapped to occur at the N2-and M-line regions (15, 16) . More recently the mutation in the mdm mouse was defined to occur at the N2-line of titin, resulting in profound muscular dystrophy (17) . The N2-line fragment carrying the mdm mutation loses its ability to bind C3 in the yeast two-hybrid assays (18) , and muscle extracts from mdm mice show reductions in the concentration of C3, supporting the hypothesis that titin serves to stabilize C3 (17) . Furthermore, titin mutations in patients with tibial muscular dystrophy (at the M-line) also result in C3 instability in muscle extracts (19) . Finally, the yeast twohybrid assays with the LGMD2A mutants show a reduced binding of C3 to titin (20) . These observations taken together lend support for the hypothesis that C3 must be anchored to titin in vivo to protect it from autolytic degradation, and suggest the possibility that loss of C3 may contribute to disease pathogenesis in mdm and tibial muscular dystrophy.
Although titin may play a significant role in determining C3 localization and stability, the question of C3 involvement in regulating titin function has been unexplored. If C3 were to serve this role, perturbations in C3 expression, structure or activity could disrupt vital functions mediated by titin. Because titin is centrally important in myofibrillogenesis where it serves as a template and molecular ruler for thick filament assembly and sarcomere formation, we hypothesized that changes in C3 expression could disrupt normal myofibrillogenesis. In the present investigation, we tested this hypothesis by examining the effects of null mutation of C3 on sarcomere structure in mice and in myotubes in vitro. We further investigated the relationship between C3 and titin by analyzing the effects of pathogenic mutations in C3 on the ability of C3 to bind titin in vitro, and by identifying the titin domains at which C3-mediated cleavage occurs. Collectively, our findings show that C3 expression is required for normal myofibril formation in vivo and in vitro, and that the LGMD2A mutations in C3 influence C3 binding to titin. Furthermore, we found that titin can be cleaved by C3 in vitro, which suggests that C3 may influence titin's role in sarcomere formation through proteolytic cleavage.
RESULTS

Retroviral integration and disruption of the C3 gene
The C3 knockout (C3KO) mice were generated using embryonic stem cells disrupted at the C3 locus using a gene trap retroviral vector (Lexicon Genetics, OST 141731) (21) . This construct introduces pre-mature translational stop signals after generation of fusions between the 5 0 and 3 0 end of the C3 gene. To determine if C3 mRNA fragments or alternatively spliced products were present in the C3KO muscles, RT -PCR was performed at each end of the mRNA, and no product was detected (data not shown). Recently, new splice variants of the mouse and human C3 mRNA were described (22) . To verify that none of these isoforms was present in the KO muscles, RT -PCR was also performed using primers located in exons present in all splice variants of C3 (exons 3 -5 and exon 18 through the 3 0 end; positions of the primers are shown in Fig. 1A ). This analysis showed that these exons could not be detected in the C3KO tissues (Fig. 1B) . In addition, western blot analysis with epitope-specific antibodies (epitopes are shown in Fig. 1A ) along the length of the C3 protein was performed to confirm the absence of full-length 94 kDa C3, and to verify that no fusion proteins of any size were generated by the retroviral integration. This analysis showed complete loss of p94 as well as the absence of any fusion proteins with the vector or products of alternative splicing (Fig. 1C) .
Several attempts have been made to determine the tissue localization of C3 in vivo. Using different antibodies, C3 has been documented to be at the N2-line (23) as well as at multiple other sites including the Z disk, M-line, costameres, myotendinous junctions and nuclei (24) . All of these studies, however, were done with antibodies which, according to previously published results (23) and our data (Fig. 1C) , recognize several additional bands, besides C3, on western blots. In an effort to identify the tissue localization of C3, we tested all available antibodies in immunohistochemistry assays. Unexpectedly, all antibodies that worked for immunohistochemistry were able to stain the C3KO muscles (data not shown). This result questions published C3 immunolocalization data. Generation of highly specific antibodies would be very helpful for further investigation. Thus, the precise location of C3 in muscle remains unclear and this has made the identification of in vivo substrates and its biological function elusive.
The C3KO mice replicate features of the LGMD2A phenotype
The C3KO mice were viable and fertile but were smaller than wild-type (WT) mice and had reduced muscle mass ( Fig. 2A  and B ). Since the mice were on a mixed background, variability was observed from one litter to the next. Occasionally, extremely small mice were observed and some were not viable. These sick mice were not analyzed in the current study. Fiber area measurement of the soleus showed 28% decrease in fast fiber area and 21% decrease in slow fiber area in the KO (Fig. 2C) . A 15% reduction was also observed in the slow fibers of the C3KO gastrocnemius muscle (Fig. 2D) . Thus, fiber area reduction occurred in both fastand slow-type muscle fibers. The distribution of muscle fiber areas was significantly different between WT and KO. While the WT mouse showed a normal distribution of fiber areas, the KO mouse had a much higher percentage of smaller fibers and a higher level of fiber size variability (data not shown). Similar changes have also been observed in muscle biopsies from the LGMD2A patients with mild or moderate manifestation of the disease (25, 26) .
Patients with mild or pre-clinical LGMD2A show almost normal muscle histology except for small areas of focal necrosis (25, 26) . The histological appearance of the C3KO mice was examined for similar evidence of muscle pathology. Cross-sections of gastrocnemius, soleus, tibialis anterior (TA) and diaphragm muscles showed rare and small foci of necrosis and regeneration surrounded by primarily healthy looking tissue (Fig. 3) . The soleus and diaphragm were the most affected muscles examined. Frequently, only one small necrotic lesion would appear in a cross-section, occupying approximately the space of five to eight fibers. These areas were always accompanied by inflammatory cells (Fig. 3B and D) and were regenerating, as evidenced by the presence of myogenin-positive cells (Fig. 3E ) and developmental myosin heavy chain positive (MHC) myotubes (Fig. 3F ). The observations of atrophy, fiber area variability and necrosis and regeneration show that the C3KO muscles possess similar histological characteristics as the LGMD2A biopsies from patients in the earliest stages of the disease, or with mild manifestations of the disease (25, 26) . Thus, the C3KO mouse is an ideal model for studying the biological function of C3 because early pathological events resulting from the absence of C3 can be analyzed without being confounded by secondary pathogenic processes.
Apoptotic myonuclei are not a primary feature of murine calpainopathy Previous studies have shown that apoptotic nuclei are present in LGMD2A biopsies and in mice lacking exons 2 and 3 of C3 (27, 28) . In these studies, the apoptotic nuclei were assumed to be myonuclei, based on their location beneath the plasma membrane. We similarly examined the C3KO mouse for apoptotic nuclei using TUNEL staining and observed the presence of apoptotic nuclei; however, these apoptotic nuclei tended to occur near areas of necrosis and regeneration, and were outside the dystrophin-demarcated, sarcolemmal membrane (Fig. 3H) . To ascertain the identity of the apoptotic cells, double staining for apoptosis and for markers of different cell types was performed. This analysis revealed that almost all apoptotic nuclei in the C3KO muscle co-stained for CD11b, an immune cell marker ( Fig. 3I and J) . Thus, nuclei in the C3KO muscle do not appear to be myonuclei. Since immune cells undergo apoptosis at the resolution of an inflammatory response, this finding suggests that in our model apoptosis is not a primary pathogenic mechanism occurring in murine calpainopathy but is rather a secondary consequence of muscle damage and inflammation (29) .
Myotubes from C3KO are delayed developmentally
The finding that apoptosis is not a primary mechanism contributing to atrophy and degeneration of the C3KO muscles suggests the existence of alternative mechanisms occurring in the pathogenesis of calpainopathy. Previous results in transgenic mice overexpressing C3 had suggested the possibility that C3 might play a role in muscle maturation (13) ; however, the limited availability of biopsy material from human patients has prevented an in-depth morphological and developmental assessment of LGMD2A muscles. The generation of the C3KO provided the opportunity to examine developmental processes in C3-deficient muscles.
A role for C3 in myoblast fusion and myofibrillogenesis was assessed in myogenic cells that were isolated from the C3KO and WT mice at 8 days of age. Myogenic cells were extracted from the C3KO muscles and were enriched for myoblasts using the pre-plate technique. Isolated cells were .90% myogenic cells as assessed by desmin staining in conjunction with DAPI ( Fig. 4A -D) . Myogenic cells were isolated with the same efficiency as WT and were able to fuse to form myotubes ( Fig. 4E -H) . Occasionally, C3KO myotubes were present that had disorganized architecture with clusters of nuclei in one region of the myotube, while the majority of the myotubes were indistinguishable from WT. Myofibril formation in vitro was examined in myotubes grown on Thermanox plastic coverslips, fused for 3 days and then subjected to electron microscopy (EM). Cells used for EM are shown in Figure 5A and B. At 3 days post-fusion, myotubes from the WT mice showed clear evidence of myofibrillogenesis. In some areas of the cell, thick filaments could be observed aligning to form A-bands (Fig. 5C ). Other areas showed periodicities of A-bands separated by Z-discs ( Fig. 5C and E). While the C3KO cells were clearly multinucleated, indicating fusion, there was no evidence for organized sarcomeres ( Fig. 5D and F) . While thick filaments and Z-bodies could be observed in the C3KO myotubes (Fig. 5D , boxed area), these structures were not well organized. Thus, a comparison between the WT and the C3KO myotubes by EM revealed morphological evidence of delayed myofibrillogenesis in C3KO.
The MHC isoform expression was also examined to assess the progression of myofibrillogenesis in developing myotubes. According to the premyofibril model of myofibrillogenesis, non-muscle myosin II should precede the placement of muscle-specific isoforms in the sarcomere during early myofibrillogenesis (30) . To examine the relative concentrations of myosin isoforms, immunoblotting of the primary cultures was carried out for different isoforms of MHC. This analysis showed that while the WT myotubes expressed very little non-muscle MHC, they expressed abundant amounts of embryonic and mature forms of muscle-specific MHCs (Fig. 6) . Conversely, the C3KO myotubes expressed more non-muscle myosin II and less muscle-specific forms of MHC. Other proteins such as actin, a-actinin and desmin were expressed to the same extent as in the WT cells (Fig. 6) . Thus, the delay in sarcomere assembly and muscle myosin expression lends both morphological and biochemical support for the hypothesis that the C3KO myotubes have reductions in organized myofibrillogenesis. These findings are also consistent with the pre-myofibril model of myofibrillogenesis (see Discussion).
The C3KO sarcomeres show misaligned A-bands
The findings of delayed sarcomere formation in the C3KO myotubes suggested a role for C3 in remodeling that occurs during myofibrillogenesis; however, we asked whether this developmental delay might impact the ultrastructure of the adult C3KO muscle. The adult C3KO muscles were examined by EM, to assess ultrastructural features. The EM analysis revealed that while A-bands of the WT muscle were aligned along the edges (Fig. 7A and B) , A-bands of the C3KO muscles were frequently out of register, giving the edges of the A-band a 'ragged' appearance ( Fig. 7C and D) . (Scheme of the skeletal muscle sarcomere is presented on Fig. 8A .) Care was taken to examine fibers that were not degenerating and to examine tissue that was not damaged during preparation. Thus, the presence of abnormal A-bands in the C3KO mice suggests a role for C3 in correct formation of sarcomeres or maintenance of sarcomere alignment.
By EM, abundant and disorganized mitochondria were observed frequently in the C3KO muscles (Fig. 7E ). This ultrastructural feature has been documented previously to occur in the LGMD2A biopsies (31, 32) and these structures can manifest as lobulated fibers by light microscopy (31). We did not observe lobulated fibers in muscles of young (2 -3 month) KO mice by light microscopy, but they became apparent as the mice aged (16 month, Fig. 7F) . Thus, the presence of abundant, disorganized mitochondria and lobulated fibers further validates this mouse as a good model of calpainopathy in humans.
Titin immunohistochemistry of muscle cells in vivo and in vitro indicates that M-line and N2-line epitopes of titin are normally localized in the C3KO muscles
We tested whether the influence of C3 on myofibrillogenesis might be mediated through its interactions with titin, by investigating whether the absence of C3 affects the assembly of titin in fully differentiated skeletal muscle fibers in vivo. Titin's distribution in the C3KO muscles was examined by double staining longitudinal sections using antibodies against three different epitopes of titin (N2A-line, M-line and I-A junctional region) and a Z-disk marker, desmin. A single molecule of titin extends from the Z-disk to the M-line (half of the sarcomere). Titin molecules from the same sarcomere overlap within the M-line, while titin molecules from the adjacent sarcomere overlap within the Z-disk. Therefore, there are two N2A-line and I-A junction epitopes per sarcomere, and one M-line epitope of titin per sarcomere (Fig. 8A) . These immunolocalization studies demonstrated that the distribution of all titin epitopes examined in the C3KO muscles were indistinguishable from the WT muscles (Fig. 8B -D) .
To examine myofibrillogenesis in vitro, immunohistochemistry using antibodies against different sarcomeric proteins was carried out on primary cultures undergoing differentiation. While proteins such as a-actinin formed a regular striated pattern in most myotubes, many other sarcomeric proteins were not yet organized (for example, MHC and desmin, data not shown). We found that the resolution of light microscopy was not high enough to detect a striated pattern for all sarcomeric proteins in the primary cultures, and was thus not sensitive enough to provide substantial information on myofibrillogenesis of the C3KO myotubes. These observations also suggest that skeletal myotubes do not differentiate in vitro as do other primary culture systems that have been used previously to study myofibrillogenesis, such as chicken cardiac muscle. In the C3KO myotubes in vitro, both N2-line (data not shown) and M-line specific titin antibodies stained titin with a periodic pattern (Fig. 8E and F) . Thus, the assembly of titin into a sarcomeric pattern does not require the presence 
of C3. These results suggest that defects in myofibrillogenesis in the C3KO primary cultures occur subsequent to titin placement in the sarcomere but prior to thick filament alignment.
Titin interacts with C3 and can serve as its substrate
Since the C3 and titin interaction was shown previously by yeast two-hybrid analysis (15), we sought to confirm this interaction at the protein level by performing further biochemical analyses. Following cloning and sequencing of titin domains, the protein fragments were expressed in insect cells and purified. For these studies, three regions of titin were cloned by PCR from mouse muscle cDNA using primers that were designed based on the human sequence. The regions cloned included N2-line, M-line and PEVK domains of titin. The N2-and M-lines were chosen because yeast two-hybrid analysis had mapped the binding to these regions. The PEVK region was speculated previously to have inhibitory activity for C3 based on its homology to the ubiquitous calpain inhibitor calpastatin (33) . Following purification of the proteins, solid phase ELISA binding assays were performed. These assays confirmed yeast two-hybrid analysis of the binding of C3 to the N2-line and M-line of titin. C3 did not show any binding to the PEVK region of titin. This latter finding validates the specificity of the ELISA binding assay (Fig. 9A and B) . Previous findings of a secondary deficiency of C3 in patients carrying a titin mutation and in mdm mice have lead to the suggestion that titin may serve to stabilize C3 and prevent it from autolytically degrading (17, 19) . Titin binding by C3 might also place C3 in the correct proximity of its proper substrates, and we considered the possibility that titin itself might be a substrate for C3. Previous studies have shown that a small region of the N2-line (53 kDa) was not cleaved by C3 (34) . In addition, a small portion of the M-line (Mex 5 region) of titin was observed to be cleaved by C3 (24) . Our baculoviral co-expression studies, in which both C3 and larger regions of the titin domains were co-expressed, replicated these findings. In addition, we showed for the first time that the PEVK domain is also cleaved. These studies demonstrated cleavage of both the M-line and PEVK regions of titin by C3, but no cleavage of the N2-line region ( Fig. 9C and D) . Thus, titin can serve as a substrate for C3 in regions adjacent to where it binds. Succinct cleavage of titin by C3 may allow for the exchange of proteins on the titin scaffold that is a necessary occurrence for remodeling during myofibrillogenesis.
Some pathogenic human mutations reduce the affinity of C3 for titin
Previous studies have demonstrated that the majority of mutations that have been identified in the LGMD2A patients result in loss of enzyme activity rather than loss of binding to titin (20, 35) , although a few mutations have been identified that result in reduced binding to some titin domains by yeast two-hybrid analysis (20) . The confirmation of the binding between C3 and titin led us to question whether this interaction might also be important for disease pathogenesis. Therefore, we tested to see if mutations in C3 that are not predicted to affect protease activity (35) might affect binding between titin and C3. Four different C3 mutations that are known to be pathogenic in humans were examined using the assay system we established (Fig. 10 ). All four mutations tested exhibited reduced binding to titin compared with the WT C3. In contrast, the inactive C129S mutation did not affect binding to titin. No binding was observed with the PEVK region of titin, confirming our previous observations (Fig. 9) . Thus, these data support the hypothesis that some mutations Figure 6 . Western blot analysis shows reduced muscle-specific MHC expression in the C3KO myotubes. Identical western blots were probed with antibodies against different muscle markers. There was no difference in the expression of actin, desmin or a-actinin. The C3KO myotubes express reduced amount of muscle-specific MHC isoforms. Staining with anti-C3 antibody, pIS2, confirms the absence of the C3 in the C3KO cells. Ponceau red staining of the membrane after western transfer is included to show the relative amount of proteins in the cell lysates. The KO and WT lanes are indicated at the top.
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that reduce titin/C3 interactions might destabilize and inactivate C3 or place C3 out of proximity of its endogenous substrate(s).
DISCUSSION
The previous, unexpected discovery that mutations in the protease C3 resulted in a muscular dystrophy did not fit easily into the generalized model of muscular dystrophy in which defects of the dystrophin-associated protein complex were expected to account for most of the dystrophic pathologies. However, the more recent discoveries that mutations in titin or titin-binding proteins could also cause severe muscular dystrophies have indicated that defects in the titinassociated protein complex could underlie a second family of muscular dystrophies. Proteins in this complex that have muscular dystrophy associations include myotilin, telethonin, titin and C3 (12,36 -38) . Because C3 is a member of the titin protein complex, the C3 mutations could relate to this second family of dystrophies, although the mechanism through which the C3 mutations could lead to dystrophy was unknown. Our present findings show that C3 is necessary for normal myofibril formation in vivo and in vitro. In addition, we have shown that null mutation of C3 produces disruptions of normal patterns of expression of MHC, reductions in muscle mass and smaller muscle fibers. Together, these observations indicate that C3-mediated processes play a significant role in muscle differentiation and growth. It is possible that defects in this mechanism may be a common pathway in all dystrophies involving mutations in the titin protein complex; however, this hypothesis has not yet been tested. Our finding that null mutation of C3 produces defects in sarcomere structure in vivo and in vitro may reflect disruption of titin's role in sarcomere formation that is influenced by C3. This possibility is supported by the present investigation in which we show that titin is a substrate for C3. If the C3-mediated, structural modifications in titin were an important feature of sarcomere remodeling during muscle growth or regeneration, loss of C3 could be reflected in the structural and developmental defects in sarcomeres reported here. While it is unlikely that cleavage of titin by C3 is responsible for titin turnover, it is interesting to note that the half-life of titin in sarcomeres (2.9 days) (39) is much briefer than other sarcomeric proteins (6 -9 days) (40) , despite its tremendous size, which suggests that its relatively rapid turnover is important for normal homeostasis of muscle. Our data showing succinct cleavage of titin by C3 lend support for a role for C3 in the cleavage-dependent release of proteins from titin, rather than for widespread degradation of titin by C3. Future studies will be devoted for determining the C3 targets involved in this process.
The ability of C3 to cleave many different proteins, at least in vitro, suggests that it may be involved in multiple processes and that its removal from muscle may have pleiotropic effects. For example, extensive myonuclear apoptosis was attributed previously to loss of C3 function in a mouse line in which two exons in the catalytic domain of C3 were deleted, but the rest of the protein was preserved (28) . It was proposed that apoptosis observed in this mouse was induced by the absence of C3 protease activity and is the primary pathogenic mechanism in LGMD2A. Although we observed some 
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Human Molecular Genetics, 2004, Vol. 13, No. 13 apoptotic nuclei in the C3KO muscles, the majority of these nuclei were found in or near necrotic lesions, and were located outside of the sarcolemma. Most of the apoptotic nuclei were located in immune cells that invaded the area of pathology. Since it is well known that apoptosis is the common mechanism through which immune cells are removed following activation, we conclude that apoptosis in murine calpainopathy is secondary to muscle inflammation (29) . Therefore, these studies suggest that apoptosis is not a primary feature of the pathogenesis of calpainopathy. Although additional, unidentified, functional or developmental defects may exist in the C3-deficient muscle, our 
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current findings show that disruptions of myofibrillogenesis and sarcomere structure are the most prominent pathological features in murine calpainopathy. Our observations are consistent with a role for C3 in the three-step model of myofibrillogenesis: premyofibrils to nascent myofibrils to mature myofibirils (30) . According to the model, the premyofibrils consist of a-actinin (Z-bodies) connected to actin filaments, and non-muscle myosin II filaments. These premyofibrils align and are modified by the addition of titin and muscle myosin filaments to form nascent myofibrils. Mature myofibrils are formed when nonmuscle myosin is eliminated and Z-bodies fuse (Fig. 11 , modified from 41). The premyofibril model is supported by several immunolocalization studies as well as observations on live embryonic cardiomyocytes transfected with a GFP-a-actinin fusion protein (30) . A recent study confirmed that myofibrils can contain both non-muscle and muscle-specific myosins, and that bands of non-muscle myosin II alternate with bands of sarcomeric isoforms of a-actinin in early myofibrils in cardiomyocyte cultures (41) . Our data are consistent with the premyofibril model by demonstrating that non-muscle myosin is present in primary cultures of skeletal muscle myotubes, but is later replaced by muscle myosin. The absence of C3 caused a delay in the replacement of non-muscle myosin with muscle-specific isoforms that coincided with delayed myofibrillogenesis as revealed by the EM observations of the C3KO cells compared to WT cells. Our observations also show that although the absence of C3 leads to dramatic disruption of myofibrillogenesis in cell culture, the effect is much more mild in vivo. We speculate that under physiological conditions in vivo, other calpains may also contribute to this process and lead to partial rescue of the phenotype. This functional redundancy was demonstrated for conventional calpains in other genetically modified mice. For example, a knockout of the small subunit, which is shared by both calpains 1 and 2, leads to embryonic lethality (42) , whereas knockout of only the large subunit of calpain 1 results in a mild phenotype of platelet dysfunction (43) . Further studies are needed to establish the level of functional specificity and redundancy among the calpain family.
All models of myofibrillogenesis agree on the important role of the giant molecule titin as a molecular ruler that orchestrates alignment of actin and myosin filaments, as well as other proteins associated with them along the length of sarcomere (14) . Titin is one of the earliest proteins expressed during myofibrillogenesis, forming a striated pattern in developing myotubes prior to the organization of other sarcomeric proteins. A functional knockout of titin in a myofibroblast line causes lack of thick filament formation and ordered actin -myosin arrays supporting a role for the titin in coordination of myofibrillogenesis (44) . Early yeast two-hybrid investigations showed that C3 is one of the numerous binding partners of titin (15, 16, 45) . Moreover, titin may play a role in the regulation of the C3 activity by inhibiting the C3 autolysis, thus stabilizing it, or placing C3 in the correct proximity of its substrates. This assertion is based on the reduction of C3 in muscle extracts from the titin-mutated tibial muscular dystrophy patients (19) as well as from mdm mice carrying a deletion of the titin domain that binds C3 (17) . Our findings provide further evidence for a specific interaction between M-line and N2-line fragments of titin with C3 at the protein level. We also examined several C3 proteins carrying mutations that have been identified in patients with pathogenic LGMD2A. All of these mutations are located outside the catalytic domain, and are unlikely to affect the proteolytic function of C3, as expected from computer modeling of various known LGMD2A point mutations on the predicted crystal structure (35) . Our findings suggest that these mutations affect the efficiency of C3 binding to titin and support the hypothesis that loss of titin -C3 interaction can lead to pathogenesis. Future studies will be directed towards establishing whether loss of C3 binding to titin is sufficient to cause disease processes.
MATERIALS AND METHODS
Antibodies
Anti-C3 antibodies used for western blot analysis included: mouse anti-12A2 and 11B3 (1:100, Novocastra), pIS2 goat 
Generation of the C3 null mice
The C3KO mice were obtained from Lexicon Genetics Incorporated. Mice were generated using embryonic stem cells that were mutagenized by a retroviral vector. This vector generates fusion proteins of neomycin with the 5 0 end of the gene and a fusion with BTK at the 3 0 end of the gene.
These fusions introduce premature stop signals, preventing translation of the protein product. Sequencing was performed to confirm that the vector had integrated in the intron between exons 1 0 and 2. Extensive RT -PCR analysis showed that there were no RNAs for any of the C3 isoforms present in the tissue of the KO. Original founder mice were 129 SvEvBrd Â C57 BL/6 heterozygotes from the F2 generation. Inbreeding of the F2 mice produced the KO and WT homozygotes that were then interbred until the F5 generation. All data were collected from mice from the F5 generation that were generated in parallel. Similar results were observed in mice from earlier generations.
Muscle histology and immunohistochemistry
Muscles to be used for immunohistochemistry were dissected from the mice and frozen in isopentane cooled in liquid nitrogen. Frozen sections were cut at 10 mm and kept frozen until use. After thawing, sections were treated with 0.3% H 2 O 2 for 5 min (if horseradish peroxidase was used for color reaction) and blocked in phosphate-buffered saline (PBS) with 0.2% gelatin, 0.5% Tween-20 and 3% bovine serum albumin (BSA) for 30 min. Binding to endogenous mouse IgG was blocked with a MOM Kit (Vector Laboratories). After primary and biotinconjugated secondary antibodies, sections were incubated with avidin-conjugated horseradish peroxidase and stained using AEC or DAB substrate kits (Vector Laboratories).
TUNEL labeling and immunostaining
TUNEL labeling was performed as described previously (46) using biotin-16-dUTP (Ezolife Science) and TdT (Amersham). If combined with immunostaining, the proteinase K treatment was omitted. The TUNEL reaction was detected with Ni-DAB Substrate Kit (Vector Laboratories) to produce black staining. After the TUNEL reaction, sections were washed in PBS, blocked in PBS with 0.2% gelatin, 0.5% Tween-20 and 3% BSA for 30 min, and immunostained. AEC Substrate Kit (Vector Laboratories) was used to produce red staining.
Fiber area measurements
Fiber cross-sectional area was measured for 150 -300 individual fibers in cross-section of gastrocnemius muscles from each of three to four WT or C3KO animals. Sections were stained with anti-slow MHC antibodies, and slow and fast twitch muscles were measured separately using a digitized imaging system (Bioquant, Nashville, TN, USA).
Electron microscopy
Tissue and cells for EM were prepared as described previously (46) . Briefly, solei were dissected from three WT and three C3KO mice and fixed in 1.4% glutaraldehyde in 0.2 M sodium cacodylate buffer, pH 7.2 for 30 min on ice, followed by buffer rinse and fixation for 30 min in 1% osmium tetroxide. The same protocol was used for fixation of primary cells grown on Thermanox plastic coverslips (Nunc). Sections were prepared from the epoxy resin embedded samples and examined under the electron microscope model JEM-1200EX (JEOL, Japan) equipped with BioScan 600W digital camera (1024 Â 1024 pixels). DigitalMicrograph 1.2 software (Gatan) was used to generate images. Four animals were examined for the EM analysis. For cell culture experiments, two grids containing 50-100 cells were analyzed for two different cultures, thus 200 -300 cells were analyzed for each genotype.
Primary muscle cell culture
Myogenic cells were isolated from the C3KO and WT mice in parallel as described previously (47, 48) . Three, eight-day-old mice were used for each culture. Cells were maintained in Ham's F10 medium supplemented with 20% fetal bovine serum, 5 ng/ml basic fibroblast growth factor, 100 U/ml penicillin and 100 mg/ml on gelatin-coated or E-C-L (Upstate Biotechnology) coated dishes. Myoblast fusion was induced by switching to differentiation media, Dulbecco's modified Eagle's medium supplemented with insulin-transferrinselenium A (GIBCO) for 48-72 h.
Cloning of titin fragments and mutagenesis of C3
Titin fragments were produced by RT -PCR using degenerate primers designed based on the human titin sequence (NM_133378, GenBank). Titin N2A-line fragment (28 316 -29 860 bp) contained the minimal C3-binding site (15) . The PEVK region spanned from 29 846 to 36 285 bp. Titin M-line (101 254 -103 252 bp) included domains M6 -M10 and the is 7 region. All PCR products were verified by sequencing. The inactive stable mutant of C3, C129S, was obtained from Dr Hiroyuki Sorimachi (49) . Other mutations (V98I, I162L, R448H, D705G) were generated in the full-length WT C3 cDNA in pGEX2T using the QuickChange sitedirected mutagenesis kit (Stratagene). For primers used to generate these cloned regions, see Table 1 .
Protein expression and purification
For protein expression all titin fragments were subcloned into baculoviral transfer vectors (pAcHLT) with N-terminal 6Â His tag. The C3 and C129S mutants were subcloned into pAcG2T baculoviral transfer vectors with GST-tag for expression in a baculovirus system (BD Biosciences). Alternatively, C3 and its mutants were cloned into pGEX2T with a GST-tag for expression in the rare codon strain of Escherichia coli, Rosetta-gammi (Novagen). His-tagged proteins were purified using Ni-NTA agarose according to the manufacturer's recommendation (Qiagen). GST-tagged proteins were purified on GST-microspin columns (Amersham). After purification proteins were dialyzed against 50 mM HEPES-KOH, pH 7.5. (Fig. 1A) 5 0 TGC CTG ACC CTG AAT GAG CGG CTG C3 1dn primer (Fig. 1A) 5 0 CCC CTC CTG TGA AGT CCT CCA T C3 2up primer (Fig. 1A) 5 0 ACA CAA GGG TTC ACG CTG GAG TCC C3 2dn primer (Fig. 1A 
Protein -protein interaction
The ELISA solid phase system was used for binding experiments. Titin fragments (10 mg per well) were used to coat 96-well microtiter plates (ImmunoPlates with MaxiSorp Surface, Nunc) overnight at 48C. After washing with PBT (PBS and 0.05% Tween-20), the wells were saturated with blocking buffer (2% BSA in PBT) and incubated with different concentrations (0.5-10 mg per well) of C3 or mutant proteins for 2 h at 378C. After washes, bound C3 was detected by anti-C3 or anti-GST monoclonal primary antibodies followed by biotinylated secondary antibodies and avidin-alkaline phosphatase conjugate. pNPP (p-nitrophenylphosphate) kit (KPL) was used for color reaction. The product formation was recorded by measuring the net change in absorbance at 405 nm. In order to test the specificity of the protein -protein interactions in the ELISA assays, negative control proteins BSA or His-nitric oxide synthase were used instead of titin fragments. To ensure that binding was not due to GST -GST interactions, GST alone was used instead of C3 on wells coated with titin fragments, and detection was carried out with anti-GST antibody. Since non-specific binding occurred when higher concentrations of proteins were used in the assay, a range of concentrations was analyzed. The datum point chosen for analysis was the highest concentration of protein in which the negative control gave the lowest binding.
Protein co-expression
To test whether C3 could cleave any of the titin fragments, the WT C3 or the inactive C129S mutant was cloned into pVL1393 baculoviral transfer vector without any tags to ensure proper protease activity. Titin and C3 constructs were co-expressed in a baculovirus system. Insect cells were plated on 10-cm cell culture dishes at 50-70% of confluence, and co-infected with both titin and C3 high titer viral stocks. After incubation for 3 days at 278C, cells were harvested by lysis in Insect Cell Lysis Buffer (BD Biosciences) with protein inhibitor cocktail (Sigma, 1:100). Soluble fractions were analyzed by western blotting using anti-His or anti-C3 antibody to detect titin fragments or C3, respectively.
